ABSTRACT
INTRODUCTION
In order to simulate the system behavior accurately, the non-linear constitutive 48 models for all components in the hybrid masonry system have to be calibrated based 49 on experimental data. Of particular interest and presenting most challenges is the cal-50 ibration of the damage model for masonry. Ideally, for calibrating the damage model, 51 one needs several experiments that isolate the influence of each material parameter 52 from the constitutive description. In reality, this is not always possible; often times re-53 searchers have access to limited data from experiments that capture combined effects.
54
This is the case here, where for the masonry material the only available data was from 55 coupon compression tests and from global (full hybrid wall) cyclic testing. It is found 56 therefore of interest to develop a systematic approach for calibrating parameters in 57 these less than ideal but practical circumstances.
58
of yielding. The yield function for the elasto-plastic model utilized is (Taylor 2011) :
where H iso is the isotropic hardening modulus; β s is the delay constant controlling the 137 speed at which the material transitions from elasticity to plasticity; σ Y 0 is the yield 138 stress, and σ Y ∞ is the ultimate stress; and ε P is the plastic strain; σ dev is the devia- , whereγ is the plastic consistency 143 parameter rate, takingγ = 0 for elastic behavior andγ > 0 for plastic behavior.
144
For standard steel, Young's modulus is E = 2 · 10 11 Pa, and Poisson's ratio is the concrete, which can therefore be considered small in most scenarios. Due to the throughout the loading history.
160
The non-local two-scalar damage model based on continuum damage mechanics 161 was implemented in FEAP and is used in this work (Mazars and Pijaudier-Cabot 1989 ).
162
The model adopted here treats the masonry wall in the hybrid systems as a homoge-
163
nized mixture of mortar and concrete, and the reinforcement as a separate component.
164
The continuum damage approach uses damage models for both tension and compres-165 sion and can simulate the softening behavior of the concrete using a simple algorithm.
166
More importantly, the damage model uses a very natural criterion surface in the strain 167 space and can also easily be implemented in a non-local form. The implementation 168 used for this work is 2D (plane stress) but can be easily modified to 3D. The stress-
169
strain relationship is written in the form:
where σ is the stress vector, ε is the engineering strain vector, D is the elastic material 171 stiffness matrix, and ω is the damage variable, which can be interpreted as the ratio the damage in compression (Mazars 1984) :
where A c and B c are parameters that control the shape of the stress strain curve, ε 0 178 is the strain at damage initialization,ε is the equivalent strain, and κ is the largest 179 equivalent strain in the history of loading. For quasi-brittle materials such as concrete, 180 the equivalent strainε in Eq. (5) is obtained by using the formula proposed by Mazars
where ε 1,2,3 are the principal strains, and the brackets < · > denote the positive part of the quantity. Similarly, ω t is a variable quantifying the damage caused by tension.
184
In the original two-scalar damage model, the formula used to calculate the damage 185 coefficient for tension resembles Eq. (3) but uses A t and B t instead of A c and B c .
186
However, in this paper, Eq. (5) (Jirásek 2004 ) is used instead to calculate ω t , because 187 its parameters have direct physical meaning, and can be calibrated more easily than A t 188 and B t .
Here, ε f is the parameter controlling the slope of the softening branch.
190
The total damage coefficient ω is calculated as a weighted average of the damage 191 coefficients for tension and compression,
where the weights α t and α c are expressed as functions of the principal strains (Mazars 193 and Pijaudier-Cabot 1989): 
200
The local damage model can predict cracks caused by tension and compression. 
ε is the non-local equivalent strain, and α is a bell shape non-local weight function
, where α 0 (l) is a monotonically decreasing non-negative func- 
where l R is the radius of the interaction area shown in Fig. 2 . and one that requires that the uni-axial compression deflection curve has a peak that is 219 smooth and convex, i.e., the expression in Eq. (3) is twice differentiable.
220
The first criterion
221
The first criterion enforces a continuous variation of slope of the uni-axial com-222 pression deflection curve. In the uni-axial compression testing, a vertical compression 223 is applied at the top of the testing coupon, and leading to tensile horizontal strains.
224
Damage is initialized when the equivalent strain is larger than ε 0 . Let ε c be the strain 225 due to compression; | ε c |= ε 0 ν is the compressive strain at initiation of damage. The 226 stress in the elastic and damaged stages can be calculated as:
where κ is the maximum strain in the history, κ = ν | ε c | under uni-axial compression.
228
In the elastic stage, the first derivative of the compression deflection curve is ∂σ ∂ε = E.
229
When damage is initialized, the stress can be calculated from Eq. (11):
The first derivative of the stress-strain function in the damaged region can be calculated 231 as:
Initialization of damage corresponds to ε = ε 0 ν in Eq. (12). Then,
Because of the continuity of the slope at the damage initialization point, the first deriva-
234
tive of the stress-strain function in Eq. (14) is equal to E. Then the following expres-235 sion is obtained for the first constraint:
The second criterion is enforced to guarantee that the compression curve has a 238 round peak. Thus, the first derivative of the stress-strain relation (Eq. (13)) is contin-
239
uous and equal to 0 and the second derivative is less than zero at the peak, conditions 240 that lead to:
Damage exists for ε >
The right hand side of Eq. (18) is always negative, which demonstrates that satisfying
245
Eq. (16) automatically ensures that the second derivative is negative at the peak.
246
The compressive strength can be calculated based on Eq. (12) as
and provides the equation of the second constraint:
The lateral tension strain in the uni-axial compression test is νfc E
. Then the following 249 condition should be satisfied when the damage is initialized:
determined provided all the other material parameters involved are known. Therefore,
252
only E, ν, f c , ε 0 , ε f and β remain to be calibrated for the masonry material.
253

CALIBRATION OF MATERIAL PARAMETERS
254
In this section the geometry of the structural components is described and all the 255 steps of the procedure for the calibration of material parameters are explained.
256
Frame 257 The parameters for the steel frame are calibrated from the frame testing conducted selected for the test specimen ( Fig. 4(a) ).
262
In the first large scale experiment ( Fig. 4(a) ), the connectors were not attached to 263 the masonry panels, and only the frame was tested. By design, the columns should 264 be fixed to the ground. However, column rotation was observed in the experiments.
265
To allow rotations and mimic the conditions in the test, two rotational plastic springs to provide a realistic model of the connection (Fig. 4(b) ).
270
Horizontal cyclic displacement controlled loading is applied at the top of the frame 
FIG. 4. Hybrid masonry system
The stiffness of the inserted plastic rotation spring is calibrated to K spring = 100 MPa, ( Fig. 5(a) ) and the drift data ( Fig. 5(b) ). ences between the testing data and the numerical results in Fig. 7(b) . This assumption 316 is only used for calibration, which was performed using the relative displacements of given in the previous section. The layout of the reinforcement bars is shown in Fig. 8 .
328
Fully grouted 20 cm × 20 cm × 40 cm concrete masonry blocks are used. ). If neither of these points is better than x 4 , the 362 simplex is shrinked towards the best point x 1 . This procedure guarantees that the av- 
FIG. 9. Representation of the Nelder -Mead search algorithm
In this work, the objective function for the Nelder-Mead method is:
where n is the loading step, N is the total number of loading steps, f 
382
For instance, the barrier function used to guarantee a positive value for r is: in Fig. 10(b) ). The compressive strength (f c ), Young's modulus (E brick ), strain at the 393 elastic limit ( 0 ), and Poisson's ratio (ν) listed in Table 2 , are calibrated using the data here in order to demonstrate the effectiveness of the two constraints. The simulation 409 error in strain energy obtained using parameters over the domain 1 ≤ A c ≤ 10, 100 ≤ 410 B c ≤ 5000 is shown in Fig. 11(a) . The two A c -B c curves satisfying the first and shows that satisfying both constraints leads to minimal strain energy error.
(a) Error in the whole domain (b) Zoom in region with small error
FIG. 11. Strain energy error
In the hybrid system test, the base of the first story masonry panel is fixed to the 
439
The objective function in the Nelder-Mead simplex method is evaluated in terms of 440 the difference between the monotonic loading deflection curve from simulations and 441 the envelope of the experimental hysteretic curve. Fig. 13(a) shows that the simulation 442 based on parameters at the end of the calibration process given in Table 3 (continuous   443 line) matches the experimental data (dashed line).
444
Applying the cyclic loading sequence extracted from testing on the base wall, and 445 using the parameters in Table 3 (Fig. 14(a) ). The relative displacements between all hybrid masonry system subject to cyclic loading. Note that a second full system was 464 then tested and no data from this was used in calibrating the masonry panel parameters.
465
The simulation performed on this second system demonstrates that the models previ- for the whole hybrid masonry system is shown in Fig. 15(a) . The simulation results for 
FIG. 15. Full system test and simulations
system and masonry under positive loading after the structure starts to fail, due to the 475 extensive damage in the foundation at large displacements (shown in Fig. 15(b) ). This
476
is not captured in the simulation, for which perfect boundary conditions were assumed. Hybrid system 2
481
The system used previously to calibrate the parameters has very strong connectors 
